Manganese superoxide dismutase (MnSOD) has been previously shown to suppress the malignant phenotype of human melanoma and breast cancer cells. To test the possible role of MnSOD in glioma malignancy, MnSOD was overexpressed in wild type human glioma U118 cells and subcloned U118-9 cells by transfection of human MnSOD cDNA. The MnSOD-transfected cell lines demonstrated expression of exogenous (plasmid) MnSOD mRNA, increase in MnSOD immunoreactive protein, and a three-to eightfold increase in MnSOD enzymatic activity. The MnSOD overexpressing cell lines became less malignant as demonstrated by requiring a higher serum concentration to grow in vitro and much slower tumor growth in nude mice than the parental and neo control cell lines. These ®ndings further support the hypothesis that MnSOD may be a tumor suppressor gene in a wide variety of human tumors.
Introduction
A large body of evidence has implicated reactive oxygen species (ROS) such as superoxide (O 2 .7 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (HO ⋅ ) in carcinogenesis (Cerutti, 1985) . As a major defense system against ROS, antioxidant enzymes play an important role in protecting cells from oxidative damage. The major antioxidant enzymes are the superoxide dismutases (SOD), catalases (CAT) and peroxidases. SOD catalyzes the dismutation of O 2 .7 to H 2 O 2 , while CAT and glutathione peroxidase (GPX) subsequently convert H 2 O 2 to H 2 O thus preventing the production of HO ⋅ , a more damaging species. ROS may play a role in tumor development by inducing DNA damage, enhancing tumor promotion, and stimulating cell proliferation (Cerutti, 1985; Burdon, 1995) , while antioxidants and antioxidant enzymes can prevent these eects by scavenging ROS (Cerutti, 1985; Oberley and Oberley, 1986) . It has been shown that tumor cells generally have lower antioxidant enzyme activity when compared to their normal cell counterparts (Oberley and Oberley, 1986; Oberley and Buettner, 1979) . Among the antioxidant enzymes, manganese-containing superoxide dismutase (MnSOD) activity is the most consistently diminished in tumor cells. MnSOD is the form of SOD found in mitochondria. MnSOD is also low in undierentiated stem cells and increases during cell dierentiation (Oberley et al., 1990) . Based on these observations, ®rst hypothesized that MnSOD might be a tumor suppressor gene, that decreased MnSOD activity might play a casual role in cell immortalization and transformation, and that restoring MnSOD activity should reverse the malignant phenotype of tumor cells. A number of studies have provided evidence to support these hypotheses. Human melanomas frequently lose chromosome 6, particularly 6q25 where the MnSOD gene is located (Millikin et al., 1991) ; the malignant phenotype of these cells was suppressed by introduction of human chromosome 6 (Trent et al., 1990) or transfection of human MnSOD cDNA to overexpress MnSOD (Church et al., 1993) . It has also been shown that overexpression of MnSOD suppresses the malignant phenotype of human breast cancer cells (Li et al., 1995) and the metastasis of mouse ®brosarcoma cells (Saord et al., 1994) and potentiated cell dierentiation caused by a dierentiating reagent . Moreover, copper-zinc SOD (CuZnSOD) can induce dierentiation of erythroleukemia cells (Beckman et al., 1989) , suppress the metastasis of mouse ®brosarcoma cells (Yoshizaki et al., 1994) , and control the motility and invasiveness of human tongue carcinoma cells (Muramatsu et al., 1995) . CuZnSOD is found primarily in the cytoplasm and thus it appears that both forms of SOD, which are found in two dierent cellular locations, have a tumor suppressive eect.
In the present study, we overexpressed MnSOD in human glioma cells, both wild type U118 cells and subcloned U118-9 cells, by transfection. As has been mentioned above, MnSOD has already been overexpressed in several tumor cell types. The rationale for doing yet another tumor type is several-fold. First of all, many of the known oncogenes and tumor suppressor genes are cell-type speci®c. We wanted to determine which forms of cancer are responsive to MnSOD overexpression. Second, gliomas represent a majority of human brain tumors and are very resistant to present anticancer therapies. Patients with gliomas have a mean survival time of 9 ± 12 months and less than 20% patient survival at 2 years after diagnosis (Simpson et al., 1993 ). Our results demonstrate that both U118 and U118-9 cells became less malignant after an increase of MnSOD activity by the transfec-tion of MnSOD cDNA. This suggests possible new therapies using MnSOD. A third reason to study gliomas is that they are one of the few tumor types that demonstrate high levels of MnSOD (Wong and Goeddel, 1988) . Thus, it was not clear at the onset of these studies if MnSOD overexpression would have the same eects as seen in those tumors already studied which have low levels of MnSOD. A last reason for this study was that tumors are heterogeneous and no one has yet examined the eect of heterogeneity on the eects seen with MnSOD overexpression. Gliomas are especially heterogeneous and were thought to be an excellent model to study this problem. For this reason, we studied both wild type U118 cells and a subcloned cell line (U118-9).
Results

PCR detection of MnSOD in U118 cells
U118 cells were transfected with the pBK-CMVMnSOD plasmid to overexpress MnSOD or the pBK-CMV plasmid as a control. Three MnSODtransfected cell lines, U118-SOD6, SOD9, and SOD10, and two neo control cell lines, U118-neo1 and neo5, were chosen for detailed study. The MnSOD-transfected cell lines were chosen because they were the only clones isolated that had high levels of MnSOD. In order to examine whether the MnSOD cDNA had been integrated into the cellular genome, we examined the presence of MnSOD cDNA in the cellular DNA by PCR using MnSOD sense2 and antisense primers across intron 4 with a size of 2210 bp; this sequence should be found in the MnSOD genomic gene (Wan et al., 1994) , but not in the MnSOD cDNA. Figure 1a shows that all the cell lines had a 2435 bp DNA fragment ampli®ed from the endogenous MnSOD gene. However, the MnSODtransfected cell lines contained an additional DNA fragment with a size of 225 bp ampli®ed from the exogenous (plasmid) MnSOD cDNA, indicating that the exogenous MnSOD cDNA was incorporated into the cellular DNA. The low intensity of the endogenous MnSOD band in the MnSOD-transfected cell lines is likely due to the interference by competition of the exogenous MnSOD cDNA in the PCR. The results con®rm that the selected cell lines were stably transfected with MnSOD cDNA.
To determine expression of MnSOD, total cellular RNA was ®rst reverse-transcribed into cDNA that was subsequently ampli®ed by the PCR. All the cell lines expressed MnSOD mRNA when MnSOD sense2 and antisense primers were used for the PCR ampli®cation ( Figure 1b) . SOD-transfected cell lines, but not the parental or neo lines, also expressed the exogenous MnSOD mRNA when MnSOD sense1 and pBK-CMV antisense primers were used for the PCR in the MnSOD-transfected U118 cell lines ( Figure 1c) ; this demonstrated that the MnSOD-transfected cell lines were expressing MnSOD mRNA from the plasmid. The RT ± PCR results are in agreement with the DNA ± PCR results.
Antioxidant enzyme activity in U118 cells
Enzyme activity is the most important parameter to determine the function of antioxidant enzymes because the expression of MnSOD mRNA may not necessarily mean an increase in MnSOD protein (Czaja et al., 1994) and even increased MnSOD protein is not necessarily active (unpublished data). Moreover, transfection of SOD has been associated with changes in the other antioxidant enzymes (Ceballos et al., 1988; Kelner and Bagnell, 1990; Amstad et al., 1994) . We therefore performed enzymatic assays to measure the activities of the four major antioxidant enzymes as shown in Table 1 . MnSOD activity was increased by sixfold in the U118-SOD6 and U118-SOD9 cell lines and eightfold in the U118-SOD10 cell line, but not changed in the neo control cell lines when compared to the parental U118 cell line (Table 1) . CuZnSOD activity was low in U118 cells and generally not detectable. This is probably due to the increased MnSOD activity that masks the low CuZnSOD activity in the enzymatic assay, particularly in the presence of cyanide that can enhance the activity of MnSOD. The reason for this is not clear. CuZnSOD activity was not altered by the transfection and G418 selection; this fact was con®rmed by activity gel (data not shown). There was generally no alteration in CAT 
Western blot analysis of SOD in U118 cells
To compare the correlation of SOD protein with its activity, Western blotting was performed. Figure 2a shows that immunoreactive MnSOD protein (22 kDa) was increased in the MnSOD-transfected cell lines, but not in the neo control cell lines, which is consistent with the results of the activity assays. CuZnSOD immunoreactive protein (17 kDa) did not change in most of the cell lines ( Figure 2b ) except U118-SOD6 which had lower CuZnSOD protein. The results of Western blotting suggest that the undetectable CuZnSOD activity was likely an artifact due to some interference in the assay.
Immunogold analysis of MnSOD in U118 cells
To be a functioning protein, MnSOD precursor peptide must be imported into mitochondria for posttranslational modi®cation and activation. Immunogold immunohistochemistry was therefore performed to detect the location of MnSOD protein and quantitate MnSOD protein in mitochondria. Label was almost exclusively over mitochondria with only rare gold beads observed in the cytoplasm or nucleus ( Figure  3 ). MnSOD-transfected cells showed a large fold increase in speci®c mitochondrial labeling compared to parental U118 and neo5 cells (Table 2 ). Cells stained with normal rabbit serum in place of the primary antibody did not show any mitochondrial labeling in 10 cells examined (data not shown).
Eect of MnSOD overexpression on U118 cell growth
To examine the degree of malignancy of the tumor cells in vitro, cell growth rate and serum dependency were measured. Growth rates of MnSOD-overexpressing cell lines were much lower than that of the parental cell lines when cultured in medium with 1% FBS, while the neo control cell lines showed variation in the growth rate with no change in neo1 and slightly lower in neo5 (data not shown Figure 2 Western blot analysis of SOD. The lanes contained: 1, U118; 2, U118-neo1; 3, U118-neo5; 4, U118-SOD6; 5, U118-SOD9; 6, U118-SOD10. The protein molecular mass markers in kilodaltons are indicated on the left. (a) Five micrograms of total cellular proteins were electrophoresed in a 12.5% SDS polyacrylamide gel, transferred onto a nitrocellulose ®lter, and then immunoblotted with rabbit anti-human MnSOD antiserum. (b) Forty micrograms of total cellular proteins were immunoblotted with rabbit anti-human CuZnSOD antiserum. The area of the bands relative to the parental U118 cells as measured by densitometric analysis is shown at the bottom of the Western blots; these numbers indicate the relative amount of immunoreactive protein To determine the eect of overexpression of MnSOD on the malignant phenotype in vivo, cells were inoculated into the¯ank region of nude mice. Figure  4 shows that although the MnSOD-overexpressing cell lines formed tumors in nude mice, the growth rates of MnSOD overexpressing cells were much slower than those of the parental and neo control cell lines. Tumor size was also measured by weight after removal from the sacri®ced mice (Figure 4b ). The results of tumor weight were consistent with those of tumor volume calculation. Figure 4b also shows that the average tumor weight was 42% of the parental cell line in U118-SOD6, 32% in U118-SOD9 and 18% in U118-SOD10. The U118-SOD10 line had the highest increase in MnSOD and the smallest tumor size; linear regression analysis indicated that tumor growth inversely correlated with MnSOD activity (r=70.989, P=0.011). It is unclear why the tumors grew much faster in U118-neo5 cells than the parental cells. The higher CAT activity and lower GPX activity of this line might have some impact on this variation, or it could simply be due to selection of a fast growing colony from the heterogeneous wild type population. No metastases was found in the lungs of nude mice in any group by pathological examination.
Heterogeneous expression of MnSOD in U118 subclones
Eects of heterogeneity of tumor cell subpopulations has been the major criticism of selecting cell clones after stable transfection of wild type populations. To rule out the potential eects of cellular heterogeneity, U118 cells were ®rst subcloned by limiting dilution culture and then individual colonies were established as dierent subcloned cell lines.
Heterogeneous expression of MnSOD among the subcloned cell lines was clearly shown in the activity In contrast, there was no signi®cant dierence in expression of CuZnSOD among these cell lines. It was noted that the subcloned cell lines with higher MnSOD levels took much longer time to expand their cell populations, suggesting the cell growth rate of these clones also inversely correlates to the endogenous levels of MnSOD.
Antioxidant enzymes in U118-9 cells
To minimize heterogeneity eects, we selected the subcloned U118-9 cell line to further examine tumor suppression by overexpression of MnSOD. We chose U118-9 because it had a fast growth rate allowing stable transfection to be performed. U118-9 cell line had low MnSOD activity. As shown in Table 3 , U118-9 had a much dierent antioxidant enzyme pro®le than the parental U118 cell line. Like the earlier U118 cell study, three MnSOD-transfected cell lines (U118-9-SOD2, SOD6, and SOD8) and a neo1 control cell line were chosen for study of phenotypic alterations of U118-9 cells after transfection. the U118-9-SOD5 cell line, and ®vefold in the U118-9-SOD2 cell line compared to the parental U118-9 cell line, but was not signi®cantly changed in the U118-9-neo1 control cell line (Table 3) . In contrast to the parental U118 overexpressing cells, GPX activity was signi®cantly increased in all U118-9-SOD cell lines (from ®ve-to eightfold) but was not changed in the U118-9-neo1 cell line. The results of Western blotting indicated that MnSOD protein was greatly increased in the MnSOD-transfected cell lines ( Figure 7a ) and CuZnSOD protein was not greatly altered in any of the cell lines (Figure 7b ). Immunogold analysis showed that the MnSOD entered the mitochondria in the transfected cells, since the number of immunogold beads per mitochondrion increased more than ®vefold in all the transfected cell lines compared to the parental or neo control lines (data not shown).
Phenotypic characteristics of U118-9 cells
Overexpression of MnSOD signi®cantly decreased the growth rate of U118-9 cells in 1% FBS as shown by the increased cell population doubling time of U118-9-SOD2 cells, U118-9-SOD6 cells and U118-9-SOD8 cells compared to the parental cells and neo1 control cells (U118-9, 48 h; neo1, 45 h; SOD2, 53 h; SOD6, 54 h; SOD8, 70 h). The dierence in growth rates between the MnSOD overexpressing cell lines and the parental cell line became less as FBS concentration was increased to 10% in which only the SOD8 cell line grew signi®cantly slower than the parental cell line (data not shown). These results indicate that MnSODoverexpressing cell lines required higher serum concentrations to grow, and had a slower growth rate. MnSOD overexpression neither changed the cell plating eciency using the colony formation assay nor caused cytotoxicity in the MnSOD-transfected cells using the trypan blue dye exclusion assay (data not shown). These results imply that the observed changes are probably due to changes in cell cycle.
In agreement with the results of the U118 cell transfection study, overexpression of MnSOD also suppressed the growth of U118-9 cells in vivo ( Figure  8 ). Unlike the earlier results, the tumors formed by the Figure 7 Western blot analysis of SOD. The lanes contained: 1, U118-9; 2, U118-9-neo1; 3, U118-9-SOD2; 4, U118-9-SOD6; 5, U118-9-SOD8. Protein molecular mass markers in kilodaltons are indicated on the left. (a) Fifteen micrograms of total cellular proteins were electrophoresed in a 12.5% SDS polyacrylamide gel, transferred onto a nitrocellulose ®lter, and then immunoblotted with rabbit anti-human MnSOD antiserum. (b) Forty micrograms of total cellular proteins were immunoblotted with rabbit anti-human CuZnSOD antiserum. The area of the bands relative to the parental U118-9 cells as measured by densitometric analysis is shown at the bottom of the Western blots; these numbers indicate the relative amount of immunoreactive protein Figure 8 Eect of overexpression of MnSOD on tumorigenicity of U118-9 cells in nude mice. Cells (2610 6 ) were subcutaneously inoculated in the¯ank region of the nude mice. Tumor length (L) and width (W) were measured once a week after tumors were visible. Tumor volume in mm 3 was calculated by L6W 2 /2. The results represent mean+s.e.m. (n=4). *P50.05 compared to the U118-9 and neo1 cell lines and **P50.05 compared to the parental cell line on day 58 U118-9 neo1 cell line were only slightly smaller than those of the U118-9 cell line, suggesting less cellular heterogeneity was present in the U118-9 cells. The eect of tumor suppression by overexpression of MnSOD was more dramatic in vivo than that in vitro, particularly the SOD2 and SOD6 cell lines that did not change growth rate in the medium with 10% FBS. Host factors might have some impact on these dierences between in vitro and in vivo. The results of both in vitro and in vivo demonstrate that overexpression of MnSOD can partially suppress the malignant phenotype of U118-9 cells.
Histological examination of tumors demonstrated no apoptosis, necrosis, or in¯ammation in the tumors arising from cells overexpressing MnSOD. No metastases were observed from injection of any of the cell lines.
Discussion
To examine the generality of MnSOD as a tumor suppressor gene, we successfully transfected human MnSOD cDNA into U118 and subclone U118-9 cells. We hypothesized that even though glioma cells have high MnSOD activity, they may still have lower MnSOD than the normal glial cells from which they were derived. Thus, MnSOD overexpression might still normalize this enzymatic activity. We cannot at present directly examine this hypothesis since cultured normal human glial cells are not easily obtainable. In the present study, the exogenous MnSOD gene was expressed in the MnSOD-transfected cell lines, which resulted in three-to eightfold increases of MnSOD activity. There was a general correlation among the mRNA, immunoreactive protein, and enzyme activity of MnSOD. The MnSOD-overexpressing cell lines required higher serum concentration to grow. There was less dierence in the growth rates among all the cell lines when grown in 10% FBS, but the MnSODoverexpressing cell lines grew slower in 1% FBS than the parental lines and neo controls. When inoculated into nude mice, the MnSOD-overexpressing cell lines also grew much slower than the parental and neo control cell lines. Overexpression of MnSOD generally did not alter CuZnSOD and CAT expression in both U118 and U118-9 cells, and GPX in U118 cells. However, GPX activity was increased in all the MnSOD-overexpressing U118-9 cell lines. It is not clear whether the GPX increase is related to a H 2 O 2 increase caused by overexpression of MnSOD. It has been reported that overexpression of CuZnSOD induced an increased GPX activity that might compensate for the increased H 2 O 2 levels (Ceballos et al., 1988; Kelner and Bagnell, 1990; Amstad et al., 1994) . It has been hypothesized that increased CuZnSOD may cause oxidative stress to the cells by increasing intracellular concentrations of H 2 O 2 and the elevated GPX may be an adaptive response against the H 2 O 2 cytotoxicity. This might be true in our cells also. Another possibility is that superoxide radicals are known to inactivate GPX; thus, elevation of SOD might prevent GPX inactivation by superoxide radicals. An unresolved question is why did the U118-9 transfected cells show an increase in GPX activity, while the transfected U118 cells did not? One possible explanation is that U118-9 parental cells had only one half the GPX activity and one ®fth the MnSOD activity of the U118 parental cells. Thus, upon transfection, there may have been more oxidative stress in the U118-9 cells compared to the U118 cells.
Heterogeneity of cellular subpopulations is one of the characteristics of tumor cells due to genetic instability, which may cause some artifacts through the selection of cell clones in stable transfection studies of wild type populations. Our subcloning study did show heterogeneous expression of MnSOD in the subpopulations of U118 cells. This may raise the question whether the results of U118 cell transfection is due to the consequence of cellular heterogeneity instead of overexpression of MnSOD. The results of U118-9 cell transfection has ruled out this possibility because cellular heterogeneity has been eliminated by cell subcloning. In addition, we also noted that cell subclones with high endogenous MnSOD generally grew slowly and formed few colonies. We picked the U118-9 clone because it grew well, but it had much lower MnSOD activity than the wild type cells. This appears to be unavoidable because in general fast growing cells appear to have low MnSOD activity. When compared to the U118-9 cells, wild type U118 cells had higher MnSOD and slower growth rate in low serum culture, and were unable to form visible colonies. The results of transfection and cell subcloning demonstrated that MnSOD levels inversely correlate with the degree of malignancy of tumor cells. Partial rather than full suppression of tumor growth by overexpression of MnSOD in our studies may occur because the cells were unable to divide when MnSOD activity was elevated to certain levels and the cell clones selected after transfection did not have high enough MnSOD activity to completely suppress tumor growth. Growth of neo control cell lines varied both in vitro and in vivo and they grew either faster or slower than parental cell lines, but always faster than MnSOD-overexpressing cell lines. We conclude that tumor suppression in our studies is related to the increased MnSOD activity. The results of the present study further support the hypothesis that MnSOD can function as a tumor suppressor gene. Our results, along with the observations by others (Church et al., 1993; Li et al., 1995; Saord et al., 1994) , suggest the generality of MnSOD in tumor suppression.
It is not clear how MnSOD is able to control cell growth. The conversion of O 2 .7 to H 2 O 2 is the main function of MnSOD. Superoxide and hydrogen peroxide have physiological functions as well as pathological eects. Their eects are probably dependent on the concentrations present in biological systems. They may display physiological eects at low levels, but pathological eects at high levels. It is possible that increased levels of MnSOD might alter intracellular levels of O 2 .7 and H 2 O 2 which in turn modulate signal transduction and/or activation of transcription factors to control cell proliferation.
H 2 O 2 is well known for its cytotoxic eect. An increase in H 2 O 2 production can result from MnSOD overexpression. If there are not sucient amounts of CAT and GPX to remove H 2 O 2 , it will accumulate to high levels. Under these conditions, cells will probably be killed by H 2 O 2 . Increased levels of H 2 O 2 in MCF-7 cells by MnSOD overexpression was indirectly demonstrated (Li et al., 1995) . The parental MCF-7 cell line and vector control cell line grew well in regular media, but the MnSOD-overexpressing cell line required a high concentration of pyruvate (10 mM) to grow. Pyruvate has been shown to be a H 2 O 2 scavenger through the oxidative decarboxylation by H 2 O 2 (O' Donnell-Tormey et al., 1987) . We have also obtained indirect evidence of an increase in H 2 O 2 levels by MnSOD overexpression in a rat glioma cell line by treatment with buthionine sulfoximine (BSO); BSO inhibited glutathione synthesis and caused increased cytotoxicity in cells with a ®ve to 10-fold increase in MnSOD activity (Zhong et al., 1996) . High levels of H 2 O 2 (Hockenbery et al., 1993) and other free radicals can cause death by apoptosis. In the present studies, MnSOD overexpression did not appear to cause increased cell death; there was no decrease in cell viability as measured by trypan blue dye exclusion. Thus, the levels of CAT and GPX appear adequate in our cell lines to prevent cell death and the growth suppression thus appears to be due to inhibition of mitosis.
It should be emphasized that enzymatic activity is the most important aspect in transfection of MnSOD. An increase in mRNA and/or immunoreactive protein does not necessarily mean an increase in MnSOD enzymatic activity (unpublished observations). This fact was overlooked by some researchers. In a recent report, Miele et al. (1995) claimed that transfection of MnSOD did not suppress tumorigenicity and metastasis of human melanoma C8161 cells. In this study, the authors showed an increase in MnSOD mRNA, but less than a 1.6-fold increase or a slight decrease in MnSOD protein in two transfectant clones and no increase in MnSOD activity using a native gel assay. This indicates that their experiment was not successful in elevating MnSOD protein and activity. It appears that the failure to suppress tumorigenicity and metastases in the Miele et al. paper is more likely due to the lack of increase in MnSOD activity instead of the inability of MnSOD to suppress the malignant phenotype of the tumors. Certain levels of MnSOD are required for tumor suppression (Church et al., 1993; Saord et al., 1994) by overexpression of MnSOD may cause apoptosis in tumor cells with low levels of CAT and GPX. These potential mechanisms are currently under investigation and we believe that our ®ndings will contribute to better understanding of tumor development by ROS and lead to the application of MnSOD in cancer treatment.
Materials and methods
Cell culture
The U118 MG (hereafter abbreviated U118) human glioma cell line was obtained from American Type Culture Collection and the U118-9 cell line was subcloned from U118 cells using limiting dilution. The cells were routinely grown on T-75 plastic tissue culture¯asks (Corning) in Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemented with 4.5 g/L of glucose and 10% heat-inactivated fetal bovine serum (HyClone) at 378C in a humidi®ed atmosphere of 95% air and 5% CO 2 . The cells were subcultured with 0.25% trypsin and 1% EDTA whenever the cultures reached con¯uence. Cells were utilized for analysis within 30 passages because it has been demonstrated that antioxidant enzyme levels did not change in tumor cells for up to 50 passages (Sun et al., 1993) . For enzymatic assays, the cells were grown in 100 mm tissue culture dishes (Corning) seeded at a density of 1610 6 cells. Medium were replaced every 3 days and 24 h before harvesting. The cells were rinsed in phosphate buered saline (PBS) three times, scraped with a rubber policeman in 10 ml PBS, and then centrifuged at 2000 r.p.m. for 5 min. After removing the PBS, the cell pellets were stored at 7208C until use.
Cell transfection
The plasmid vectors used in transfection study were pHbApr-1 and pBK-CMV (Stratagene). pHbApr-1 contains a 1 kb human MnSOD cDNA insert (St Clair et al., 1991) and a b-actin promoter (Gunning et al., 1987) . pBK-CMV carries a neomycin resistance gene and pBK-CMVMnSOD also contains a 1 kb human MnSOD cDNA. U118 cells were transfected with pBK-CMV-MnSOD and U118-9 cells were cotransfected with pHbApr-1-MnSOD and pBK-CMV. For controls the cells were transfected with pBK-CMV. Cells were seeded at a density of 1610 5 cells per well in 6-well plates and allowed to grow overnight. After rinsing three times with serum-free medium, the cells were incubated in 1 ml serum-free medium containing 6 ml lipofectAMINE (GIBCO BRL) and 2 mg each of the plasmid vectors for 24 h and then grown in the regular medium containing 500 mg/ml geneticin (G418) (GIBCO BRL) for transfected cell selection. G418 was removed from the cultures for 4 days before experiments.
Polymerase chain reaction (PCR)
Total RNA was isolated from cultured cells using the RNAzol B reagent (Tel-Test) according to the manufacturer's instructions. RNA was estimated spectrophotometrically at 260 nm and stored at 7708C until use. The integrity of RNA was veri®ed by electrophoresis in a 1% agarose gel and visualization of the 18S and 28S ribosomal RNA bands stained with ethidium bromide.
First strand cDNA was synthesized from 2 mg of total RNA in a 20 ml reaction mixture containing 0.5 mM dNTP (dATP, dCTP, dGTP, and dTTP) (Boehringer-Mannheim), 25 mg/ml random hexamers (Pharmacia), 7.5 u/ml Moloney murine leukemia virus (MMLV) reverse transcriptase (RT) (Bethesda Research Laboratory), and 4 ml of 56 RT buer (50 mM Tris-HCl, pH 8.5, 3 mM MgCl 2 , 75 mM KCl and 10 mM dithiothreitol). The mixture was incubated at 428C for 60 min and then at 958C for 5 min to inactivate the enzyme.
PCR primers were selected from published sequences (Church et al., 1993; Ho and Crapo, 1988) . The sequences of oligonucleotide primers were as follows: (1) MnSOD sense1 5'-CCTGAACGTCACCGAGGAGAAG-3' (277 ± 298); (2) MnSOD sense2 5'-GGCTGCATCTGTTGGTG-TC-3' (511 ± 529); (3) MnSOD antisense 5'-CTCCCAGTT-GATTACATTC-3' (727 ± 709); (4) pHbApr-1 antisense 5'-GTCTGGATCCCTCGTAGCTTGG-3' and (5) pBK-CMV antisense 5'-CGCCAGCTGGCGAAAGGGG-3'. The pHbApr-1 antisense primer was designed from the sequence of the pHbApr-1 plasmid 3'-untranslated region that is located downstream of the MnSOD cDNA insert and upstream of the SV40 polyadenylylation signal sequence (St Clair et al., 1991) . The pBK-CMV antisense primer was also designed from the 3'-untranslated region of the exogenous (plasmid) MnSOD cDNA. PCR was carried out in 25 ml of master mixture containing 2.5 ml of 106 PCR reaction buer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 3 mM MgCl 2 ), 0.5 ml of 10 mM dNTP (0.25 mM each of dATP, dCTP, dGTP and dTTP), 0.5 ml of 10 mM sense and antisense primers (0.2 mM each), 0.15 ml of 5 u/ml Taq DNA polymerase (Perkin-Elmer), 1 ml of RT cDNA and 19.85 ml of sterile distilled H 2 O. PCR was conducted in a Perkin-Elmer Cetus Thermal Cycler for 35 cycles. After 4 min at 948C, ampli®cation was performed with a cycling pro®le consisting of denaturation at 948C for 40 s, annealing at 558C for 40 s and extension at 728C for 1 min, followed by a ®nal extension at 728C for 5 min. Ten ml of PCR products was analysed electrophoretically in a 2% agarose gel with ethidium bromide staining. The expected size of PCR products was compared to fX174 HaeIII DNA markers (Promega).
Cellular DNA was isolated with a QIAamp blood kit (QIAGEN) according to the manufacturer's instructions. MnSOD gene was ampli®ed using a Expand TM Long Template PCR System (Boehringer Mannheim) in 25 ml of reaction mixture containing 2.5 ml of 106 buer (50 mM Tris-HCl, pH 9.2, 16 mM (NH 4 ) 2 SO 4 , 1.75 mM MgCl 2 ), 0.88 ml of 10 mM dNTP (0.35 mM each of dATP, dCTP, dGTP and dTTP), 0.75 ml of 10 mM sense and antisense primers (0.3 mM each), 0.38 ml of enzyme mix (Taq and Pwo DNA polymerases), 1 ml of 0.2 mg/ml cellular DNA and 18.74 ml of sterile distilled H 2 O. The PCR pro®le included a predenaturation at 948C for 5 min, denaturation at 948C for 15 s, annealing at 558C for 20 s and extension at 688C for 5 min for 35 cycles, and a ®nal extension at 688C for 10 min. PCR products were detected by electrophoresis in a 2% agarose gel with ethidium bromide staining and were compared to fX174 HaeIII or 1 kb DNA markers.
Cell homogenization and protein quantitation
Cell pellets were resuspended in one volume of 50 mM potassium phosphate buer (pH 7.8) and sonicated on ice for 30 s using a Vibra cell sonicator (Sonics and Materials Inc) at 10% output and 80% duty cycle. Protein concentration was estimated by Lowry's method (Lowry et al., 1951) using defatted bovine serum albumin (BSA) as standard.
Western blot analysis
Proteins were denatured in one volume of sample buer containing 62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 5% b-mercaptoethanol (v/v) and 2 ± 3 drops of saturated bromophenol blue solution at 1008C for 3 min and separated in a 12.5% denaturing polyacrylamide gel by electrophoresis at 100 V for 5 min, then at 200 V for 40 min according to the method of Laemmli (1970) . Proteins were transferred onto nitrocellulose membranes at 100 V for 1 h with ice at 48C. The blots were blocked in 4% dry milk in TTBS (0.02 M Tris/0.5 M NaCl buer, pH 7.4 and 0.05% Tween 20) at room temperature for 2 h and then incubated with primary antibody (1 : 400) in TTBS at 48C overnight. Afer washing three times with TTBS, 5 min each, the blots were incubated with goat anti-rabbit IgG conjugated with horseradish peroxidase (Boehringer Mannheim) at a 1 : 1000 dilution in TTBS for 2 h. Following washing with two changes of TTBS and once in PBS, protein bands were visualized by addition of 1 mg/ml 4-chloro-1-naphthol in 20% methanol/PBS. A photograph of the immunoblot was read with a Bio-Rad video densitometer. Each band was scanned three times and the area was calculated using software supplied by Bio-Rad.
Immunogold staining
Cells were scraped from tissue culture¯asks, ®xed in Carson-Millonig's ®xative (4% formaldehyde in 0.16 M monobasic sodium phosphate buer, pH 7.2) and processed for immunogold immunohistochemistry as previously described (St Clair et al., 1992) . Cell cultures stained with anti-MnSOD antibody were photographed at 10 600 magni®cation using a Philips electron microscope. The prints were then examined for the presence of immunogold beads superimposed on mitochondria. Immunogold beads had to be at least touching the outer mitochondrial membrane to be scored as mitochondrial labeling. As a control, normal rabbit serum was used in place of the primary antibody.
Enzymatic activity assays
SOD activity was measured as described by Oberley and Spitz (1984) . Catalase activity was measured as described by Claiborne (1985) . GPX activity was determined as described by Lawrence and Burk (1976) . SOD activity gels were run by the method of Beauchamp and Fridovich (1971) .
Cell growth curve and population doubling time
Cells were seeded at a density of 2610 4 cells/ml per well in 24-well plates in DMEM with 1% FBS and 10% FBS, respectively. Media were changed every 3 days. Cell number was determined by a Coulter counter after trypsinization. Cell population doubling time (DT) was calculated as follows: 
Plating eciency and trypan blue assay
Cells were seeded at a density of 500 cells per dish in 60 mm tissue culture dishes in 5 ml of DMEM with 10% FBS and allowed to grow for 3 weeks to form colonies. After staining with a solution containing 0.1% crystal violet and 2% citric acid in H 2 O, colonies (450 cells) were counted under a dissecting microscope and plating eciency calculated.
Cells in suspension were incubated in 0.4% trypan blue in PBS and viability was determined by calculating the percentage of unstained cells using a hemocytometer.
Tumorigenicity in nude mice
Female nude mice (6 weeks old) were purchased from Harlan Sprague Dawley (Indianapolis, IN). Cells (2610 6 ) in 100 ml of Hank's balanced salt solution were subcutaneously injected in the right¯ank of the nude mice. When tumors appeared, they were measured by a vernier caliper once every 7 days. Tumor volume (TV) was calculated by the following equation (Bullard et al., 1981) where: L=length; W=width.
After the last measurement, nude mice were sacri®ced and tumors and lungs were removed and weighed. Tissues were ®xed with 10% neutral buered formalin. Tissue sections were stained with hematoxylin and eosin and examined under a light microscope.
Statistical analysis
Tukey's multiple comparison, an ANOVA analysis, was used to determine the signi®cance of dierence of the data at the level of P40.05 using SYSTAT, a computer statistical software package.
